It has been known for many years that organic acids are produced by bacterial fermentation in the rumen. T h e importance of such fermentation in the nutrition of the ruminant has been adequately appreciated only recently, with the establishment of the relative proportions in which the acids are produced and the discovery of their role in ruminant metabolism.
the meal being consumed in about I h. Mineral licks and water were available. Except for experiments under grazing conditions, the cows were housed in covered yards or standings.
Sampling
Each investigation lasted for 24 h, samples of rumen liquor being taken just before each feed and then at hourly intervals. I n preliminary work the maximum variation observed in the concentration of total volatile acids between samples of rumen liquor taken at the same time from different parts of the rumen was 1.1 m-equiv./Ioo ml. rumen liquor. The sampling method adopted was to take rumen contents from about 6 in. below the surface of the digesta and to strain the liquor through surgical gauze.
Chemical methods
pH. Rumen liquor was cooled rapidly to room temperature and the p H was measured with a glass electrode. Repeat measurements, carried out during a period of 20 min after the sample was cooled, showed little variation. Total volatile acids. Rumen liquor was centrifuged to remove suspended solids and diluted with four volumes of water. Equal volumes of diluted liquor and saturated acidified magnesium-sulphate solution (25 ml. conc. H,SO,/l.) were mixed and left overnight to precipitate protein. After the protein had been centrifuged off, the total volatile acids were separated by steam distillation and titrated with phenol red as indicator. This determination may include a little lactic acid if any is present in the rumen liquor.
Individual volatile fatty acids. T h e double-distillation method of Friedemann (1938)
was used except that the protein, precipitated by half saturation with magnesium sulphate, was centrifuged off before steam distillation. The mixed fatty acids were then extracted with chloroform containing 5 % (v/v) n-butanol (Elsden, 1946) The range and mean values observed for the p H of, and the concentration of total volatile acids in, the rumen liquor during each experiment are given in Table I .
RESULTS

PH
The p H fluctuated inversely with the concentration of volatile acids. Apart from occasional samples taken just before feeding, the p H did not rise above 7.0, but there
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Volatile fatty acids in the cow's rumen 291 was appreciable variation between diets in both the range of p H and the mean pH. The lowest p H and the greatest range (4.30-6.98) were observed with the low-hay diet (Exp. 9, b), whereas the lowest sustained p H values were recorded for grazing cows (Exp. 7 ) when the p H remained between 5 and 6 throughout the experiment.
Appreciable variation in the buffering capacity of the rumen contents was observed, the buffering capacity being markedly lower with the low-hay, low-hay-straw-pulp and ground-hay diets given in Exps. 9 and 10 than with the corresponding normal hay diets. 
Concentration of total volatile acids
Only minor fluctuations in concentration of total volatile acids were observed after a feed of hay alone (Exp. I, and Exps. 3-5 after the 7 a.m. feeds). With different hays the concentration ranged from 8.1 to 12.1 m-equiv./Ioo ml. rumen liquor. When silage or hay supplemented with mangolds or with concentrates was given the concentration increased to a peak and then declined towards the values before feeding. Fig. I , which gives the full results for Exp. 5, illustrates the rapid increase in concentration observed after feeding concentrates. For the different diets given, peak concentrations ranging from I 1-4 to 21.3 m-equiv./Ioo ml. rumen liquor were reached between 2 and 6 h after feeding. It is noteworthy that in Exp. 9 there was a marked increase in the range of concentration of total volatile acids in the rumen when the hay ration was reduced from 16 lb. (Exp. 9, a ) to z lb./day (Exp. 9, b), and this increase was maintained when dried straw pulp was added to the low-hay diet in Exp. 9, c. A similar increase in range was observed in Exp. 10 when the diet containing long hay (Exp. 10, a ) was replaced by a similar diet containing all the hay in a finely ground form (Exp. 10, b). Full results for cow C in Exps. 9, a and b, and 10, a and b, are given in Figs. z and 3 respectively. T h e lowest concentration measured during all experiments was 5.6 m-equiv./Ioo ml. rumen liquor, for cow C in Exp. 9, 6, and the highest 21.3 m-equiv., for cow C in Exp. 10, b.
Relative proportions of the individual volatile fatty acids
The mean composition of the mixture of volatile fatty acids in the rumen liquor during the feeding of each diet is given in Table 2 . No consistent variations were observed with time after the feeding of a given diet. When the values were placed in descending order of acetic-acid percentage, trends in both the percentages of the other acids and the ratio of hay to concentrates in the diet were revealed. With the exception of the diet containing 18 lb. ground hay (Exp. 10, b), the percentage of acetic acid decreased with the decrease in the ratio of hay to concentrates in the diet. Values for propionic acid and the acids higher than butyric increased as the acetic-acid value decreased. With the exception of the diet containing only 2 Ib. hay (Exp. 9, b), there was a similar increase in butyric-acid content.
Weights of volatile fatty acids I n Exps. 8-10 the rumen was completely emptied at 12 noon after the last sample had been taken, and the weight of water present was determined to calculate the range VOl. I 1 Volatile fatty acids in the cow's rumen 293 in the weights of each acid in the rumen liquor during each experiment. T h e estimated ranges, given in Table 3 , were less than those actually present because the weight of digesta in the rumen decreases by some 4 lb./Ioo min during the time interval between two feeds (Balch, 1952) . Hence the values at the peak of fermentation (which usually occurred before 12 noon) were too low and those after 12 noon (when fermentation was declining) were too high. Lactic acid Only traces of lactic acid, less than I mg/Ioo ml. rumen liquor, were found in the rumen during Exps. 1-8, but in Exps. 9 and 10 there was a considerable accumulation shortly after each feed. T h e peak concentrations, which occurred 1-2 h after feeding, varied from 95 to 270 mg/Ioo ml. rumen liquor but showed no consistent variation with diet. The lactic acid was rapidly fermented, only traces being present 5 h after feeding. (Phillipson, 1952) and for sheep given grain or glucose directly into the rumen through a fistula (Hungate, Dougherty, Bryant & Cello, 1952) . The constant feature of the diets causing such low pH values has been the high content of readily fermentable starch or sugar. For a given diet the fluctuation in pH reflected the changes in concentration of volatile acids. The concentration of volatile acids in the rumen at a given time with a given diet depends on three factors : the rate of fermentation, the rate of absorption and the volume of rumen liquor. McClymont (1951) observed a high positive correlation between the concentration of volatile acids in the rumen and in the arterial blood of cows. This finding and the rapid changes of concentration of volatile acids in the rumen observed with high-concentrate diets suggest that such diets promote rapid fermentation and absorption. PopjAk, French & Folley (195 I) found that 80 yo of the radioactive carbon of acetate injected into a goat was oxidized to carbon dioxide in 6 h. If a similarly rapid katabolism occurs in cows, it is possible that with high-concentrate diets at peak absorption the maximum utilization of acetate for energy purposes and for anabolic reactions may be exceeded, and some of the acetate may be wastefully oxidized.
The mixture of volatile fatty acids found in the rumen was qualitatively similar to that reported for sheep (see p. 288), but there was considerable variation with diet in the relative proportions of the individual acids. The percentage of acids higher than butyric increased with the weight of concentrates fed. El-Shazly (I952), with sheep, found that the percentage of such acids increased with protein intake. In Exp. 9 estimates of the extent of protein digestion in the rumen (Balch et al. 1955) were made and it was found that the increase in the higher acids coincided with an increase in the extent of protein breakdown. Rumen micro-organisms can synthesize higher acids from the lower Elsden & Lewis, 1953) . The possibility that the low-hay, high-concentrate diets, besides providing a greater intake of soluble protein, also promote the activity of the bacteria involved in such synthesis cannot be excluded. With the high-hay diets the values for acids higher than butyric were of the same order as those found by McClymont (1951) Except with the low-hay diet, the proportion of butyric acid also increased with protein intake. McNaught (195 I) observed that the production of butyric acid during the in vitro fermentation of carbohydrates was sporadic, and Gray & Pilgrim (1952) found marked butyric fermentation only when protein was added in such incubations. There was no indication with the low-hay diet whether less butyric acid was formed or whether a portion was subsequently converted to other acids. With a similar diet high in flaked maize fed to lambs Phillipson (1952) also found low values.
The proportions of acetic and propionic acids varied inversely. Except with the ground-hay diet (Exp. 10, b) , decreasing the ratio of fibrous to starchy carbohydrates I957 in the diet caused a decrease in the ratio of acetic to propionic acid, especially in Exp. 9 where the concentrate carbohydrates were supplied mainly as flaked maize. The similarly low ratios found by Phillipson (1952) with diets high in flaked maize were accompanied by changes in the relative proportions of rumen micro-organisms (Masson, 1951) . It is highly probable that the marked difference in carbohydrate intake when the cows changed from the high-hay diet in Exp. 9, a to the low-hay diet in Exp. 9, b would encourage the starch-digesting organisms at the expense of those digesting fibrous carbohydrates. However, in Exp. 10 the ratio of these acids was lowered by the feeding of ground hay in place of long hay without changing the ratio of fibrous to starchy carbohydrates. The low ratios of acetic to propionic acid arising from low-or ground-hay diets coincided with a marked increase in the range of pH in the rumen. With both diets there was a marked decrease in the time the cows spent ruminating, with a consequent decrease in the inflow of saliva to the rumen, and also rapid production of acid from the fermentation of the readily available starch. The failure to buffer the large amounts of volatile acids produced could lead to the selection of certain strains of the rapid acid-producing types of bacteria which become established with the diets high in starch and are, in part, the cause of the low pH values. The increased acidity of the rumen appears to be unfavourable to the development of the strains of bacteria that produce predominantly acetic acid. Such selection of bacteria could lead to the formation of acetic and propionic acids in ratios of the order of I to I instead of 2 or more to I observed with high-hay diets even when, as in Exps. 9, a and 10, a, the intake of starch from flaked maize was high.
Except with the diets containing flaked maize (Exps. 9 and 10) only traces of lactic acid were found. Lactic acid accumulates in the rumen only if the rate of fermentation to lactate exceeds its subsequent fermentation to volatile fatty acids. The failure to find lactic acid in the rumen after the feeding of silage of high lactic-acid content (Exp. 8) indicates that fermentation of lactate in the cow's rumen can be very rapid.
Only with the unusual low-or ground-hay diets did the molar percentage of acetic acid fall below 55. With the other diets values were within the range for sheep (see p. 288). Kiddle et al. (1951) , working with sheep, found that no appreciable amounts of fatty acids were absorbed into the lymph draining the rumen, and that the major differences between the relative proportions of the volatile fatty acids in rumen liquor and blood draining the rumen were that the latter contained more acetic acid and considerably less butyric acid. If their results are applicable to cows, then acetic acid is the major metabolite from carbohydrate digestion in the cow. I n Exps. 9 and 10, estimates made of the extent of carbohydrate digestion in the rumen (Balch et al. 1955) indicated that of the dietary carbohydrate that could be digested to glucose in the small intestine very little passed unfermented from the rumen. This observation emphasizes the importance also of the propionic acid absorbed from the rumen in supplying the glucose requirements of the cow by gluconeogenesis. SUMMARY I. The diurnal variation in the concentration of volatile fatty acids and lactic acid in, and in the pH of, the rumen liquor of four Dairy Shorthorn cows receiving diets of hay, hay supplemented with mangolds or a variety of concentrate mixtures, finely ground hay with concentrates, silage, or herbage, has been investigated.
2. With hay alone there was little variation in the concentration of total volatile acids at hourly intervals after feeding, the values observed ranging from 8.1 to 12.1 m-equiv./Ioo ml. rumen liquor with different diets. On all other diets the concentration increased to peak values of 11-7-21'3 m-equiv. between 2 and 6 h after feeding. Diets containing small amounts of hay, or hay in a finely ground state, produced the greatest ranges of concentrations : 5-6-20.0 and 7-0-21'3 m-equiv./Ioo ml. respectively. 3. The pH varied inversely with the concentration of total volatile acids. The lowest p H and the greatest range (4.30-6.98) were observed with the low-hay diet, but the lowest sustained pH values (5*09-5*84) were observed with cows at pasture.
4. Only traces of lactic acid, less than I mg/Ioo ml. rumen liquor, were found with all diets except those containing large amounts of flaked maize, when peak concentrations of from 95 to 270 mg, which rapidly disappeared, were observed 2 h after feeding.
5. The production of a mixture of acetic, propionic, butyric and at least one higher acid was characteristic of fermentation in the cow's rumen. The mean molar percentage of these acids varied with the different diets as follows: acetic from 40.6 to 73.7, propionic from 16.5 to 39.1, butyric from 6.6 to 13.9 and higher acids from 2-5 to 12.7. I n general, the percentages of butyric and higher acids increased with increase of protein in the diet. The values for acetic and propionic acids varied inversely. Except with the diet containing ground hay, the ratio of acetic to propionic acid decreased with decrease in the ratio of fibrous to starchy concentrates. Replacing long hay, in a diet of high flaked-maize content, by finely ground hay also decreased the ratio of acetic to propionic acid.
6. Low ratios of acetic to propionic acid were found when there was rapid production of fatty acids coincident with a reduced buffering capacity in the rumen liquor. It is suggested that highly acid conditions encourage the proliferation of organisms that produce lower proportions of acetic acid.
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